The main goal of this study was to examine the influence of two aquatic plants representing various ecological types (Chara tomentosa and Typha angustifolia) and comparatively the pelagic zone, on the phytoplankton communities in three shallow and macrophyte-dominated lakes. The stand dominated by Chara tomentosa was characterised by the richest taxonomical structure, the highest biomass of algae (phytoplankton sensu lato), as well as by the highest values biodiversity indices out of all the examined stations. Bacillariophyceae and Chlorophyta dominated in the biomass. There was a numerous group of species that selectively chose the Chara bed among the two groups of phytoplankton, e.g. Cymbella lanceolata (Ehr.) Kirchner, Rhopalodia gibba (Ehr.) O.Müll and Spirogyra sp. It was found that the stand of submerged macrophytes, represented by Chara tomentosa, significantly and specifically influenced the differentiation of the structure of the algal communities of shallow and eutrophic lakes. The aim of the study was to determine differences in algal communities, relating to biomass and diversity indices, between lake zones -eulittoral (with Typha), infralittoral (with Chara meadows) and pelagial.
Introduction
The heterogenic environment of the littoral area offers a variety of habitats (Lampert & Sommer 2001) and provides specific conditions for the development of algal communities. Numerous investigations (e.g. Kuczyńska-Kippen & Messyasz 1998; van Donk & van de Bund 2002) have shown that hydromacrophytes considerably influence the differentiation of the structure of phytoplankton (sensu lato) assemblages. Water vegetation may compete with algae for nutrients (Schriver et al. 1995) and light. The conditions among stands of elodeids intesify the processes of denitrification and therefore restrict the intake of nitrates by phytoplankton (Erikkson & Weisner 1999) . Submerged macrophytes in shallow eutrophic lakes may also restrict the growth of phytoplankton and periphyton by releasing allelopathic substances (Rooney & Kalff 2000; van Donk & van de Bund 2002) , which addittionally increase the trophic state of a lake (Burks et al. 2000) . Such chemicals have already been isolated from stoneworts Chara globularis Thuillier (Mulderij et al. 2003) and Chara contraria A. Braun ex Kützing (Mulderij et al. 2003) , Myriophyllum spicatum L. (Nakai et al. 1999) , Najas marina ssp. intermedia (Wolfgang) Casper (Gross et al. 2003) and Ceratophyllum demer-sum L. s. str. (Gross et al. 2003) . To date, knowledge regarding the impact of differentiated aquatic plant types on the structure of particular systematic groups of phytoplankton within a single water body is still insufficient. Particular macrophyte species differ also in their morphology and spatial structure due to different shoot orientation, different biomass per lake bottom unit and different length of stems (Kuczyńska-Kippen & Nagengast 2006) .
Thus, the study was undertaken in order to define the impact of two macrophyte species, differing morphologically and representing different ecological types, on the development of particular algal species. Moreover, an attempt was undertaken towards answering the question of what is more important in the structuring of the algal communities -the architecture of the macrophyte substratum or the physical-chemical features of a particular lake? Detailed analyses included:
-The differentiation of algae groups in respect to various macrophyte species, -The species richness of algae communities in two macrophyte habitats, -The habitat preferences of particular algae species, -The determination of the trophic status between the examined lakes and habitats. c 2010 Institute of Botany, Slovak Academy of Sciences Phycological investigations of shallow lake ecosystems 439 Phycological investigation included phytoplankton sensu lato -organisms living in the water column of shallow lakes, including the littoral zone.
Study area
The research was carried out on three lakes of post-glacial origin (Lake .6 E) situated in the Wielkopolska region (western part of Poland). All three lakes are protected -the first two lakes are located within the Wielkopolski National Park, while the third within the Landscape Park. They are of similar morphometry (Lake Wielkowiejskiearea 13.3 ha, mean depth 1.4 m; Lake Budzyńskie -area 11.0 ha, mean depth 1.4 m; Lake Dębiniec -area 15.0 ha, mean depth 3.4 m) and they are typical macrophyte-dominated lakes. There is a well-developed belt of emergent macrophytes mainly with Typha angustifolia L. and Phragmites australis (Cav.) Steud. at each lake. Furthermore, characteristic features of these lakes are beds of Chara tomentosa L. that occupy the shallower parts compared with other submerged macrophyte species. In Wielkowiejskie Lake the Chara meadows cover extensive parts of the lake bottom and they consist of separated patches of two species: Chara tomentosa and Ch. hispida. In the remaining lakes stoneworts create single and separated one-species beds.
The dominant community of zooplankton of these three lakes is created by 35 species. Out of 24 dominating species within the Chara bedspecies such as e.g. Cephalodella forficula, Lecane luna, Alonella nana and Camptocercus rectirostris dominate exclusively in this zone, while Ascomorpha saltans, Sida crystallina and Thermocyclops oithonoides are dominants in the Typha stand and finally Brachionus angularis, Filinia longiseta, Bosmina longirostris and Daphnia cucullata dominate in the pelagic zone (Kuczyńska-Kippen 2006) .
Methods
Phytoplankton was collected three times in 2003, including the spring (April), summer (July) and autumn (September) seasons from the rush vegetation (Typha angustifolia, Phragmites australis) and stonewort stands (Chara tomentosa) of every investigated lake and comparatively in the pelagic zone.
Samples for phycological investigations were first fixed in Lugol solution and next preserved in formaldehyde. The material was taken in triplicate from randomly chosen places among the vegetated zones using a plexiglass core sampler (∅ 50 mm). In the pelagic area the material was sampled using a calibrated vessel. Samples for taxonomical and quantity analyses were sedimented in the laboratory and were thickened into a volume of 10 mL.
Algal composition was determined with light microscopy, and taxon abundance using the Fuchs-Rosenthal chamber. The phytoplankton biomass was estimated from filament numbers and specific volumes (Kawecka & Eloranta 1994) . Biovolumes were calculated using the formula for the appropriate geometric shape according to Rott (1981) . Dominating taxa were defined as those that reached a minimum of 10% of the total phytoplankton biomass.
A detailed analysis of the species composition and community dynamics of the phytoplankton of the three examined lakes was presented in a paper by Celewicz et al. (2004) .
Phytoplankton taxonomy and nomenclature is primarily based on Anagnastidis & Komárek (1986 , 1989 , Hindák (1984 Hindák ( , 1988a , Krammer & Lange-Bertalot (1986 , 1991a , Starmach (1989) .
Chemical analyses were conducted according to Standard Methods for Water Analysis (1998) and to Wetzel & Likens (1991) .
Chlorophyll a concentration (corrected for pheopigments) was determined fluorometrically according to the procedures described by Strickland & Parsons (1972) .
The trophic conditions were defined as the Trophic State Index (TSI) in the logaritmic transformation of Carlson (1977) , estimated for the concentration of chlorophyll a and Secchi disc visibility.
The Shannon-Weaver biodiversity index (Margalef 1957 ) was used to define the species diversity of phytoplankton inhabiting different types of habitats. Moreover, the eveness J index was calculated based on the Shannon-Weaver diversity index (Pielou 1975) .
The Mann-Whitney U-test was used in order to determine the effect of site and lake on the biomass of particular algae species and groups (n = 27). For statistical analysis only those phytoplankton species were chosen which had a high level of frequency in the examined material. Species of low frequency (below 30%) were not included in the analysis in order to avoid the accidentality of their occurrence.
Results
The trophy indices based on the concentrations of chlorophyll a and the Secchi disc transparency indicated a mostly eutrophic character of all the examined lakes (Table 1 ). The highest values were obtained in Lake Budzyńskie.
The results of physical-chemical analysis of water and systematic groups of algae dominating in the phytoplankton biomass in particular lakes are presented in Table 2 .
The algae community was comprised of 130 taxa in total for the three shallow lakes. Chlorophyta dominated taxonomically (52 taxa) in all three lakes altogether, and in the biomass of lakes Budzyńskie and Wielkowiejskie.
The stand located within the Chara tomentosa had the highest species richness (118 taxa), as well as the highest biomass (221.15 mg L −1 ) of phytoplankton assemblages. At this station the highest biomass (71.31 mg L −1 ) of diatoms and of green algae (139.56 mg L −1 ) were recorded compared with the remaining sites. The most frequent dominants in this zone were: Achnanthes flexella (Kütz.) Grun., Cymbella lanceolata (Ehr.) Statistically significant changes between the investigated stations were noticed for the biomass of Chlorophyta (Z = −2.69, p = 0.01) and Bacillariophyceae (Z = −3.49, p < 0.01).
The Shannon-Weaver biodiversity index and values of the standardized index of evenness were highest among the Chara bed for all the lakes (Figs 1,  2) . On analysing phytoplankton biomass considerable differences in the spatial aspect referring to particular habitats were recorded for particular species and taxonomical groups. Significantly higher values were obtained for Bacillariophyceae (Z = −3.49, p < 0.01) and for Chlorophyta (Z = −2.34, p = 0.02). Maximum values were recorded for both groups in the bed of Chara tomentosa. Such differences were also obtained for the biomass of Pediastrum tetras (Ehrenb.) Ralfs (Z = −2.21, p = 0.03), Scenedesmus obtusus Meyen (Z = −2.21, p = 0.03), Cymbella lanceolata (Ehr.) Kirchner (Z = −2.38, p = 0.02) Navicula radiosa Kütz. (Z = −2.69, p < 0.01) and of Achnanthes flexella (Kütz.) Grun. (Z = −3.05, p < 0.01) prevailing within the stonewort bed.
Comparing the examined water bodies, significant differences in phytoplankton biomass were recorded in the case of the following species of green algae: Closterium acutum Brébisson in Ralfs (Z = 3.05, p < 0.01), Crucigenia tetrapedia (Kirchner) W. et G.S. West (Z = 1.99, p = 0.05), Desmodesmus communis Hegew. (Z = 3.09, p < 0.01), Monoraphidium circinale (Nyg.) Nygaard (Z = 2.38, p = 0.02), Scenedesmus ecornis (Ehrenb.) Chodat (Z = 1.99, p = 0.05) and of Kirchneriella contorta (Schmidle) Bohlin (Z = 2.78, p < 0.01), which all prevailed in Lake Budzyńskie. Eleven correlations between environmental factors and phytoplankton biomass were observed in total (Table 3). The highest amount of such correlations was recorded for Bacillariophyceae, Cryptophyceae as well as total algae biomass (total 2 correlations each). In the case of the remaining group only single relationships were obtained. In the case of environmental factors, most relationships with phytoplankton biomass were found for conductivity, total zooplankton densities, and chlorophyll a concentration (total 3 correlations each).
Discussion
The littoral zone of shallow and macrophyte dominated lakes is an important habitat for many aquatic organisms, which usually create rich and diverse communities here (Kuczyńska-Kippen & Nagengast 2006) . Asaeda et al. (2001) and Fukuhara et al. (2003) have highlighted the essential role of aquatic vegetation in structuring the algae assemblages in shallow lakes. Numerous authors have recorded a positive relationship between the morphological and spatial heterogeneity of the macrophyte bed and the abundance of periphytic (Messyasz & Kuczyńska-Kippen 2006) or plankton assemblages. As a result of the conducted phycological analysis it was found that the stand of submerged macrophytes significantly and specifically influenced the differentiation of the structure of the phytoplankton communities of shallow macrophyte-dominated lakes. The zone dominated by stoneworts was the most compact and morphologically complicated (Kuczyńska-Kippen 2006) . Research by Reynolds (1995) has shown that the differences in macrophyte cover may affect both biomass and species composition and that the more heterogenic the structure of a macrophyte habitat is, the better the living conditions for the organisms inhabiting the plant. This was probably why the station within the Chara tomentosa was characterised by the richest taxonomical structure, the highest biomass of phytoplankton communities, as well as the highest values of species diversity index compared to the remaining stations. Moreover, the trophic status of the littoral zone is usually higher than that of the pelagic zone (Pouličková et. al. 2004) , which may cause an increase in the algae biomass in the littoral zone. The high biomass of Chlorophyta and Bacillariophyceae accords with the high concentrations of chlorophyll a at this station, with which it is positively correlated. Furthermore, Kairesalo (1980) , examining oligotrophic Lake Pääjärvi in the southern Finland found that diatoms and green algae dominated the algal communities in the littoral zone, especially in the innermost parts of the macrophyte stand. In addition, on analysing the structure of periphytic communities associated with Chara and Typha of the both above groups of phytoplankton were also noticed (Messyasz & Kuczyńska-Kippen 2006) . The considerable biomass of diatoms in the stands of Chara was probably due to the most complicated architecture of this plant bed, providing the inhabiting algae with numerous ecological niches. In such a habitat a variety of growth-forms may appear, where besides slowly moving forms, stalked organisms may also be present. In the examined material a multiplicity of tychoplanktonic forms (e.g. from the genus Cymbella) from the epiphytic community were recorded. The community of algae in the stand of Chara had also been enriched by metaphyton (living in association with littoral sediments -e.g. Spirogyra, Mougeotia, Scenedesmus, Cosmarium) and meroplankton (algae which spend part of each season resting on the sediment, e.g. desmids). These organisms exist within the benthos and the water column (Pouličková et al. 2008) . Moreover, epipelic algae (e.g. Closterium), living on surface of organic sediments also often occur as a part of phytoplankton communities in shallow water bodies (also in the pelagic zone). Similar results with slightly a higher diversity of various forms in the Chara bed compared to the Typha stand were obtained with respect to the periphytic communities (Messyasz & Kuczyńska-Kippen 2006) . The role of zooplankton should not be excluded as the analysis of zooplankton structure revealed the highest diversity as well as the highest densities within the most diversified habitatthe Chara bed. Additionally, the biomass of algal communities positively correlated with total zooplankton density, which also confirms the quality and quantity richeness of both groups of plankton in the stand dominated by Chara tomentosa. However, a lack of significant correlations between phytoplankton biomass and nutrient availability was also noted, which may in turn suggest a top-down control of algal growth in the examined lakes, similar to the results obtained by Bertolo et al. (1999) , who examined factors responsible for controlling growth in lake ecosystems in relation to refuges that reduce the fish-induced mortality of zooplankton. Another reason for finding richer algal communities within the dense macrophyte bed may be connected with chemical factors which are likely to vary within different types of aquatic vegetation (Conde-Porcuna 2000; Raspopov et al. 2002) . Such a differentiation in the physical-chemical features between particular habitats has also been proved in the case of the examined lakes where significant differences in the chemical composition were recorded when comparing the Chara and Typha beds (Kuczyńska-Kippen 2006).
Among the three investigated water bodies, Lake Budzyńskie was characterised by the highest biomass of many green algae species (especially Chlorococcales), which may have been a result of the high level of trophic conditions present in this lake. Chlorophyta of the order Chlorococcales develop well in shallow waters, rich in nutrients (Reynolds 1984; John et al. 2002) . Rothhaupt (2000) and Lampert & Sommer (2001) stated that the dynamics of eutrophic lakes are regulated by two diverse systems, called bottom-up and topdown control. In the first kind of control the concentration of nutrients regulates the development and biomass of phytoplankton. The lower trophic levels (algae) influence the production of higher trophic levels (from zooplankton to the top of the trophic pyramid) (Burns & Schallenberg 1998) . In the case of the examined lakes, there were positive correlation ratios between the biomass of Dinophyceae and phosphorus concentration. Szeląg-Wasielewska (2007) stated that Dinophyceae prefer eutrophic and mesotrophic waters. A positive correlation between conductivity and biomass of Euglenophyta is a result of their preference towards polluted waters (Stonik & Selina 2001) . A similar relationship was found in the case of cryptophytes. The analysis made by Pinilla (2006) confirmed the fact that cryptophytes occur in waters of high values of electrical conductivity. The negative correlation between the biomass of chrysophytes and electrical conductivity may be explained by the fact that the developmental optimum of this group of algae is found in uncontaminated waters (Moore 1980 ).
The second system is connected with the grazing impact of higher trophic levels (zooplankton and fish) which leads to an ultimate reduction in the lower trophic levels (Boon et al. 1994) . However, in the case of the three water bodies only a positive relationship between total zooplankton density and phytoplankton biomass (total algae, Bacillariophyceae, Chlorophyta) was recorded.
The specificity of a habitat, which relates to the physical-chemical variation, zooplankton community structure as well as heterogeneity of a habitat, seemed to have played a role in the structuring of the phytoplankton communities.
